The aim of the present work is to model structure and thermodynamic properties of Pluronic L64 solutions (triblock copolymer with hydrophilic ends and a hydrophobic middle). We first determined the micelle size by dynamic light scattering at various temperatures. This helps to understand the particle formation mechanism in solution and the interparticle interactions by following the virial coefficient as well as its temperature dependence. Two semi-empirical intermolecular potentials were tested to predict sample properties. First, we used a pure LennardJones pair potential and then we introduced the Lu and Marlow (LM) contribution in its repulsive part. All quantities of interest were computed using the integral equation scheme with hybridized mean spherical approximation. We found that the LM contribution corrects structure and thermodynamic properties of the system by taking into account the effect of particle size.
Introduction
Pluronics are particles of mesoscopic size. They are widely used in pharmaceutical, agricultural and food industries due to their low toxicity and surfactant characteristics [1] . They are commercially available as Pluronic or Synperonic polymer and they have been quite well studied experimentally [2] , partly because of their unique behaviour, which is of fundamental interest in physics [3, 4] . There are two types of triblock copolymers having rather distinct properties. First, PEO-PPO-PEO (PEO: poly(ethylene oxide), PPO: poly(propylene oxide)) polymer with hydrophilic ends and a hydrophobic middle is the standard Pluronic, which forms stable micelles. Second, a polymer with the inverse structure would tend to network hydrophobic 'stickers' by hydrophilic bridges. These are so-called telechelic associating polymers forming physical gels with nontrivial rheological properties at higher concentration [5] . Dynamic light scattering (DLS) [6] [7] [8] [9] [10] [11] has revealed a complex aggregation behaviour involving unimers, micelles and larger cluster, with strong temperature dependence [11] [12] [13] [14] [15] [16] . Zhou and Chu [17] studied in greater detail Pluronic L64, (PEO) 13 (PPO) 30 -(PEO) 13 . They observed, with DLS, different aggregate shapes and showed that the temperature induces a transition in the Pluronic solution behaviour. In this regard, the literature gives contradictory results on whether or not the copolymers form micelles in water at various temperatures. Studies that support micelle formation in Pluronic show large differences in the value of the critical micellar temperature, the critical micellar concentration, the aggregation number and the polydispersity [11] [12] [13] [14] [15] [16] .
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From a theoretical point of view, Pluronics constitute special statistical systems. To study their physical properties such as structure and thermodynamic properties, use is made of statistical mechanics. Among these, we can quote the integral equation approach. A rather reliable approach is the Ornstein-Zernike (OZ) integral equation method [18] . This procedure is a familiar tool in many areas of physics. The quantity solving this equation is the pair-correlation function g(r), which is a crucial object for determining most physical properties. However, this equation involves another unknown, which is the direct correlation function c(r). Thus, this necessitates a certain closure, i.e., a supplementary relationship between these two correlation functions.
The integral equation method has been intensively used in the modern theory of liquids. It has been solved using some techniques, which are based on analytical or numerical computation. Different closures have been used, viz., the Percus-Yevick approximation [19] , the hypernetted chain [20] , the mean spherical approximation and its modification, the hybridized mean spherical approximation [21] (HMSA), which we applied in this work. The HMSA integral equation has been solved by the classical algorithm proposed by Labik et al. [22] , which consists in solving the nonlinear equations by the Newton-Raphson method in conjunction with the traditional iterative technique [23] . An extension of this numerical approach has been recently applied [24, 25] to dilute solutions of spherical colloids of the same diameter (monodisperse system), charged or neutral, and can be used to determine both structure and thermodynamic properties.
The purpose of this paper is the determination of the structure and thermodynamic properties of Pluronic L64 dilute solutions for various micelle diameters determined experimentally. We assume that the particles interact through a Lennard-Jones potential.
This paper is organized as follows: In section 2, we are first interested in the investigation of the association properties of Pluronic L64 (M n = 2900) by dynamic light scattering. We limited our measurements to the determination of the particle sizes. In section 3, we describe the theoretical backgrounds enabling us to compute the physical properties of interest. We present in section 4 the results and discussion. This section is divided into three subsections. First, we use the LJ pair potential, then we introduce the Lu and Marlow (LM) contribution in the repulsive part of the LJ pair potential and finally we present the bridge function variation and its dependence on particle sizes or solution density, respectively. We draw our conclusions in section 5.
Experimental part

Sample preparation
L64 is one of a series of block copolymers marketed as Pluronic or Synperonic. It has a number-average molecular weight, M n , of 2900. Its molecular formula is given by (PEO) n (PPO) m (PEO) n with n = 13 and m = 30 representing the numbers of repeating units. L64 was purified by vigorous stirring of 1 g in 100 ml hexane at 293 K for 30 min, followed by separation of the hexane phase that was discarded. This procedure was repeated three times after which the liquid L64 was stirred for 3 h at 333 K and dried for 24 h on a water aspirator to extract residual hexane. The appropriate solvent was chosen according to some conditions: its boiling point must be higher than the temperature of experiment, its refraction index has to be different form that of the sample to avoid diffusion due to local concentration fluctuations and its autocorrelation function must be different from the solvent to grow the contrast. Three times 2 distilled water was employed to prepare aqueous solutions of L64 [26] , and these were kept for 6 h at 288 K before being filtered through 0.22 µm Millipore filters.
DLS measurements were carried out to determine the diffusion coefficient D for all L64 aqueous solution samples at various temperatures. The solutions were set into cylindrical light scattering cuvettes. To minimize stray light and regulate the sample temperature, the cell was centred in an index-matching bath with temperature control. The index fluid used was liquid paraffin. Temperature-controlled water was pumped through a copper coil into the bath by a Haake K circulating bath. The temperature was controlled to ± 0.1°C.
Photon correlation spectroscopy was performed with a dynamic light scattering apparatus at 30° scattering angle using the green line (λ = 514.5 nm) of an argon ion laser (Cyonics, a division of uniphase -model 2201 -65ML). Experiments were performed with a Malvern computing correlator (Multi8 -type 7032 CE -system 4700 c) equipped with 256 channels. The beam passing through an attenuator then was focused into the scattering cell by a 300 mm focal length lens. A system comprising a lens and two pinholes excluded stray light scattered by the cell and focused the scattered light onto the PMT cathode (50 cps dark count at 1850 V).
Hydrodynamic radius and interaction studies
The association processes of free unimers in different aggregate forms are a complex phenomenon. To visualize the temperature effect on aggregation processes and particles morphology presented in L64 solution, it is interesting to know the magnitude of particles and to follow their evolution. Using DLS by the photon beat technique, we first measured the diffusion coefficient versus temperature for a concentration around 50 mg/ml. The used sample was immersed in tri-distilled water.
Dynamic light scattering is governed by the temporal autocorrelation function relative to the diffused light intensity. For small monodisperse particles undergoing Brownian diffusion, the autocorrelation function expression is:
B being the baseline and A representing the amplitude of the diffused intensity. The diffusion constants (A and B) can be determined by an adjustment of the autocorrelation function with the theoretical model. The parameter τ is the autocorrelation time that informs on the dynamic solution behaviour and is related to the diffusion coefficient D by the following relation:
The scattering vector q is given by 2
, where n is the refractive index and θ the diffusion angle. We measured the diffusion coefficient D for different temperatures in the chosen range. The measurements were repeated at various temperatures (increasing and decreasing it) to make sure that the solution is stable. For polymer solutions, the concentration plays an important role in the determination of the diffusion coefficient, as well as other parameters. D depends directly on the concentration through the extended exponential law:
where C is the solution concentration, and α and υ are two scaling parameters. To determine the diffusion coefficient D 0 for an isolated particle in solution, we used the Taylor development of the exponential, which permits to express the diffusion coefficient D according to the concentration C. Experimentally, we fitted the curves to the first order of the virial development and we followed the law:
where k d is the second virial coefficient. Extrapolation to zero concentration gives D 0 that was used to determine the hydrodynamic diameter σ and the slope of the line gives k d , which depends upon the nature and strength of interactions in solution.
The quantity of interest here is the hydrodynamic diameter σ, which is directly calculated by extrapolation of the diffusion coefficient D to zero concentration using the Stokes-Einstein relation:
where η is the solvent viscosity.
We follow now the particle formation mechanism in solution and the interparticle interaction versus temperature. We present the hydrodynamic diameter, Fig. 1 , and the second virial coefficient, Fig. 2 , versus temperature and we will try to discuss and interpret these results. σ decreases from 36 nm at 308 K to 18 nm around 318 K. Beyond this temperature, σ increases to reach 32 nm at 328 K. Thus, in range of concentration of 50 mg/ml, the micellization process is favoured even at low temperatures. At 308 K, the micelles are already shaped but relatively large (36 nm) . This is probably due to the low hydrophobicity at low temperatures; the micelles are already hydrated and have a relatively higher σ value.
When the temperature increases, the micelle core formed by PPO chains becomes more compact due to the increasing hydrophobicity of the system. Under the same 4 
Second virial coefficient versus temperatures for a concentration around 50 decreases rapidly for temperatures inferior to 318 K and it's value remains effect, PEO blocks that constitute the corona dehydrate and draw the core to minimize the contact with the solvent and the micelle size is reduced to 18 nm at 318 K.
Beyond this temperature, micelle size increases and the hydrodynamic radius reaches 32 nm at 328 K. We assume that the growth of the particles is due to the excluded-volume effect that causes a swelling of micelles and probably to a change of the micelles' spherical shape to an ellipsoidal prolate form.
The virial coefficients obtained in this range, Fig. 2 , are relatively low. This is due to the temperature effect on solvent quality. Thus, when the temperature increases, the solvent becomes less good and k d decreases to reach a value close to zero in the vicinity of 318 K. Fig. 2 shows that when the temperature starts to increase from 308 K, k d decreases rapidly from 0.01 ml/mg to reach a very low value near to zero around 318 K. The solvent becomes poorer indicating that the temperature effect on the solvent quality is very important in this range of concentration. At 318 K and also for higher temperatures, the values of k d become very low indicating that the system is in theta conditions. 
where ρ is the number density of the particles. However, this equation contains two unknown quantities h(r) and c(r). To solve it, one needs a closure relation between these them. In this paper, we choose the HMSA and we write:
Here, the function is simply the difference between the total and the direct correlation functions, i.e.,
The quantity f(r), Eq. (6), is the mixing function [19] , the new form of which was proposed by Bretonnet and Jakses [27] . The virtue of such a form is that it ensures the thermodynamic consistency in calculating the internal compressibility of the system. The form proposed by the authors is [27] :
f 0 is the interpolation constant. This is an adjustable parameter such that 0 ≤ f 0 ≤ 1. This constant serves to eliminate the thermodynamic incoherence.
The interaction potential is divided into a short-range part u 1 (r) and a long-range attractive tail u 2 (r) according to Weeks et al. [28] 
Here, r m is the position of the principal minimum relative to u(r). The resultant pair correlation function allows calculating the internal energy excess, the equation of state β and the isothermal compressibility as follows [29, 30] :
where N is the number of particles and
. At the zero-scattering-angle limit the structure factor is ( )
Results and discussions
Lennard-Jones pair-potential
We choose the Lennard-Jones potential, which reads:
where σ is a scaling distance. In the LJ potential, the short-range repulsion is thought to be dominated by the standard r -12 law, whereas the long range London attraction varies as r -6 law. Thus, the repulsive part is set with a power 12 only for convenience, whereas the attractive part has a good theoretical foundation based on three different effects; the dispersion force, the permanent charge distribution and the induced 6 dipoles. The two latter effects predict attractive components for polar molecules due, respectively, to their preferential alignment and to the molecule polarization. On the other hand, if the molecules are nonpolar, they are subject of an attractive energy (London interaction), which arises from a correction in the zero-fluctuation of the centres of charge in adjacent molecules and which has r -6 dependence.
Before presenting our results, we adopt the values of the pair potential parameters used to the system of interest, i.e., dilute solution of Pluronic L64. To compute it, use is made of the particle sizes σ (particle diameters), the temperature T, ε = 78 (relative permittivity of water) and the number density ρ. The molecular sizes were determined experimentally.
The results are obtained using the reduced density ρ . The thermodynamic properties were investigated for various temperatures and particle sizes. The potential u(r), the correlation function g(r) and the scattering function S(q) are drawn just for three remarkable temperatures and particle sizes that are T = 308, 318 and 328 K and, respectively, σ = 36, 18 and 32 nm. In Fig. 3 , we plot the reduced Lennard-Jones potentials u(r)/k B T versus the renormalized interparticle distance r/σ, for three values of temperatures. It can be seen that the increase of T causes the displacement of the short-range repulsive part relative to u(r) towards larger distances and the reduction of the attractive well width. Consequently, the system has a stronger tendency to clustering in the vicinity of the first minimum of u(r). We compute the main object, i.e., the pair-correlation function g(r) versus the renormalized interparticle distance r/σ. Fig. 4a shows the superposition of three curves related to three different particle sizes and temperatures. We can see that, at short distance, each of these curves exhibits a rise governed by the repulsive part of the effective potential. The g(r) maximum is in the same position as the potential well, which measures the probability of finding particles in contact (Fig. 4b) .
At larger distances, g(r) decreases more or less monotonically to unity, where this value (unity) indicates that the micelles are uncorrelated. From our result, it is clear that the potential affects the height of the principal peak of g(r) by a sensible reduction in the g(r) maximum. Concerning the scattering function S(q), we are limited to its numerical determination and to predict its variation. This physical quantity is related to g(r) by the exact expression:
A measure of the correlation existing between two molecules is given by the total correlation function:
which logically tends to zero when their separating distance becomes large. Now, we rewrite Eq. (11) using h(r):
In Fig. 5 , we have reported the structure factors computed using the integral equation versus the renormalized wave-vector qσ. The obtained results present our numerical prediction concerning the variation of the structure factor in the LJ pair-potential case.
Our derived results are in good agreement if we consider that the range of temperatures chosen is around the critical micellar temperature, cmT [31] [32] [33] [34] , characterized by a morphologic transition in the micelles. The same behaviour was seen for liquid metals and liquid fluids near their critical point, where we remark the absence of the peak and a divergence in the system's compressibility [35] [36] [37] . Far away from this position, the structure factor presents some oscillations reflecting the interaction between near neighbours and the system's fluctuations. These oscillations design generally a morphologic transition in the Pluronic solution. 
The modified Lennard-Jones pair potential
Lu and Marlow (LM) [38] have proposed a non-singular attractive interaction that corrects the London dispersion potential. They incorporate the finite molecular size effect. In this section, we combine the LM long-range attractive contribution with that short-range repulsive part to derive the new potential [39] .
Taking the non-singular London interaction developed by LM, we can construct the new pair potential, which modifies the LJ one:
The short-range repulsion is thought of as the standard r -12 law, whereas the longrange London attraction is corrected by a distance damping function: 
Here, the parameter σ is the molecular size. As expected, if σ is equal to zero, f 6 (r) goes to the usual point dipole-dipole form and the LJ potential is recovered. In Fig. 6 , we draw the new pair potential. First, an increase of the temperature causes a displacement of the u LM (r) long-range part and a reduction of the attractive well width.
As compared with the LJ potential, we note that the width of the well is larger for the LJ potential relative to the LM model for the same temperatures and particle sizes.
On the other hand, the difference between the depths related to every temperature becomes more remarkable.
In the same figure, Fig. 6 , we plot the variation of the distance damping, f 6 (r), versus the reduced variable r/σ. We can see that it depends strongly on the particle size. That is to be expected since, from its definition, f 6 (r) corrects the London attraction. This correction appears clearly in the LM potential and confirms the difference between LM and LJ pair potentials. Concerning the scattering function S(q) (Fig. 8a) it is found that the position of S(0) is reduced for all considered temperatures and particle sizes relative to the LJ model (cf. Fig. 8b ). This fact is not surprising because the actual state is driven by the corrected London dispersion potential. Now, to compare the thermodynamic properties of the system obtained by LM and LJ potentials, we listed in Tabs. 1 and 2 the compressibility, the internal energy and the pressure calculated for different temperatures and system densities. First, it can be observed that the parameter f 0 ensuring thermodynamic coherence, defined in ref. [30] , takes the same values for the two considered pair potentials. On the other hand, and in the two cases presented below, T = 318 K is a remarkable temperature for all thermodynamic quantities. Indeed, in the range of temperatures between 308 and 318 K, the compressibility of the system decreases. In parallel, the internal energy and the pressure increase for increasing temperature. The thermodynamic quantities calculated present some differences between the two used models. Those calculated by the LJ potential are greater than those obtained by LM. This is natural, because the fact that the LM pair potential introduces the size effect and corrects the thermodynamics of the system induces a reduction in the system's compressibility. Concerning the internal energy and the pressure, they are explicitly related to the temperature and an increasing temperature makes them increasing. Furthermore, the LM potential ensures the fluctuation inside the system by correction of the attractive part of the potential and the system becomes more stable. Above 318 K, all the thermodynamic quantities change their tendency. The compressibility of the system increases, and the internal energy and the pressure decrease to reach their limiting values at T = 328 K.
Tab. 1. Thermodynamic properties for the Lennard-Jones pair potential calculated with the HMSA integral equation method From these considerations, we can confirm that the thermodynamics of the system is related to the particle size if we compare it with the hydrodynamic diameter variation. Consequently, T = 318 K is a veritable temperature of transition of the particles' morphology leading to a transition in the thermodynamic properties of the considered system.
The bridge function
The bridge function B(r) procedure uses the integral equation theory that requires a closure relation. A particularly efficient class of closures is due to Rogers and Young [30] ; it involves a mixing function chosen to ensure the thermodynamic approximations between the virial and the compressibility state equation. To improve this method, Zerah and Hansen [21] used a closure called HMSA that interpolates between the hypernetted chain (HNC) and the soft-core mean spherical approximation (SMSA), which is better adapted to the treatment of an attractive potential tail. Herein, we consider the HMSA with the LJ pair potential, Eq. (14) .
With the separation of the pair potential given by Eq. (9a,b), the HMSA integral equation is characterized by the bridge function reported [40, 41] :
It is worth noting that the bridge function is defined by the above equation as a consequence of the HMSA closure. We plot it in Fig. 9 . The subscript 0 indicates that the function γ(r) is calculated using only the repulsive part. We draw it in Fig. 10 . To achieve the comparison, it is necessary to assume the universality of the bridge function and to adopt a rule to match the HS diameter to the core size σ of the LJ potential.
First, it can be noted that the bridge function affects the depth and the well position of the LJ potential, comparing Fig. 3 with Fig. 6 . On the other hand, we show its density dependence for three different micelle sizes (three different densities) independent of the temperature variation. However, comparing Figs. 9 and 10, it is seen that the shape of the functions is the same in both figures. A difference appears only when B 0 (r) assumes a negative value; then it starts to oscillate. At longer distance, the oscillations are slightly damped and shifted towards smaller distances. Beyond r/σ = 1.5, discussion is not easy because simulation results are subject to uncertainties.
Conclusions
We recall that the purpose of this paper is the determination of the structure and thermodynamic properties of Pluronic L64 solution. This triblock copolymer, (PEO) 13 -(PPO) 30 (PEO) 13 , exists in complex aggregation states in dilute aqueous solution. We are first determined the hydrodynamic diameter of these particles for various temperatures at a fixed concentration using dynamic light scattering. Particular structures are shown and the aggregation mechanism is very sensitive to temperature, more precisely, T = 318 K is a remarkable (transition) temperature. Thus, we have computed the structure and the thermodynamic properties using the integral equation with HMSA. In this work, two semi-empirical intermolecular potentials are constructed and tested to predict the structure and the thermodynamic properties of the sample. The first is the pure Lennard-Jones potential and the second is the LJ pair potential modified by adding the LM contribution in its short-range repulsive part. Our finding is that the LM contribution corrects the structure and the thermodynamic properties of the system by adding the particle size effect.
In this integral scheme, the bridge function is also determined. The latter has been compared with those of hard sphere reference. Our finding is that the bridge function depends on the particle size.
